Copper deposition from solutions using high concentration of acid, metal ions and 11 polyethylene glycol (PEG), and bis (3 sulfopropyl) disulfide (SPS) and chloride ions (Cl ) is 12 well known. A recent maskless micropatterning technology, which has the potential to 13 replace traditional photolithographic process, called EnFACE, proposed using an acid free, 14 low metal ion solution which is in direct contrast to those used in standard plating 15 technology. In this work copper has been deposited using standard electroplating solutions 16 and those used in the EnFACE process. In the standard electrolyte 0.63 M CuSO 4 and 2.04 M 17 H 2 SO 4 has been used, along with Gleam additives supplied by Dow Chemicals. For the Enface 18 electrolyte, copper deposition has been carried out using without any acid, and with 19 different concentrations of additives between 17% 200% of those recommended by 20 suppliers. 25 um of metal has been plated on stainless steel coupons as suggested by and 21 ASTM, peeled off and subjected to ductility and resistance measurements. Scanning 22
electron microscopy and electron back scatter diffraction has been carried out to determine 23 the deposit morphology. It was found that copper deposits obtained from acid free 24 solutions containing low concentration of metal ion and additives produced copper deposits 25 had properties which are comparable to those obtained from standard electrolytes. The 26 optimum additive concentration for the EnFACE electrolyte was 50% of the recommended 27 value.
Introduction

31
Copper is the standard metal used in wiring printed circuit boards [1] and 32 interconnects in electronic devices [2] . The standard manufacturing process for both these 33 technologies uses electrodeposition. It is well established that the electrodeposition 34 processes employ electrolyte chemistry of high metal and acid concentrations and employ 35 additives, which impart desirable properties to the plated copper [3] . Numerous studies 36 geared on understanding the role of additives in electroplating have concluded that these 37 chemicals are essential to obtaining metal deposits of high quality [4 9]. 38 Recently a new mask less process, called EnFACE, has been proposed to deposit 39 microscale copper features [10] . As opposed to the standard electrolytes used for PCB and Electrodeposition experiments were carried out using a traditional two electrode 64 plating set up. The working electrode was a dog bone shaped stainless steel coupon with an 65 area of 31.92 cm 2 . The counter electrode was a copper rod with an exposed area of 58.1 66 cm 2 . Plating was done in a 2 litre cell using the appropriate plating solution, and the current 67 source was a Thurlby Thundar PL 310 power unit. Prior to actual plating, the stainless steel coupons were cleaned with concentrated 93 HNO 3 , and then rinsed with water for 1 minute. The coupons were mechanically polished 94 using silicon carbide sheets, starting at grit #220 and progressing to grit #4000. One side of 95 the coupon was coated with the photoresist, and left to dry. The exposed side of the coupon 96 was swabbed with ethanol for 30 seconds and again allowed to dry. 97 Electrodeposition was carried out in direct current (DC) mode. The counter and 98 working electrode was set up in the plating cell containing different electrolytes. Table 2   99 shows the plating parameters used for the different experiments. These parameters were 100 derived from polarization experiments that yielded limiting current regarding each bath 101 type. Since the deposits become rougher as they approach the limiting current [21], the 102 current was set at a fraction of this value to ensure that dendritic copper was not plated. 103 The total plating time was calculated to obtain a copper film with thickness of 25 um. 104 After the allotted deposition time was reached, the coupons were removed from the 105 solution and washed with deionized water for 1 minute. The surface was dried using a lint 106 free cloth and left to dry in air. The plated copper films were then carefully peeled off from 107 the stainless steel substrate, and were prepared for subsequent characterization. Each 108 experiment was repeated three times to check for reproducibility. 109 For SEM and EBSD analysis, a 2x2 cm 2 area was cut out from the central portion of 110 the copper coupon. For mechanical and resistivity testing, the whole coupon was used. 111 Necessary care was taken to prevent damage on the coupons, particularly during handling 112 and specimen mounting in the UTM that would compromise the quality of results of the 113 mechanical tests. The values reported in this manuscript are the average of measurements 114 from three different films. hand, in terms of appearance, the deposit from the standard copper bath is similar to that 124 of the E 33 and E 50 EnFACE bath, which showed that even at low concentrations the 125 influence of additives is substantial. 126 The observed reduction in surface roughness may indicate the occurrence of a fine 127 grained structure in the deposit. However, attempts to quantify the grain size of the copper 128 films proved difficult since the grain structures were not easily discernible, even when 129 viewed at high magnifications. Therefore, it became necessary to use another imaging 130 technique that allowed accurate visualization of grain morphology. Electron back scatter 131 diffraction (EBSD) was chosen because the technique allows grain size and grain orientation 132 analysis without the need to alter the surface condition of the metal. 133 Figure 2 shows the corresponding EBSD maps for the products of the EnFACE bath 134 with different levels of additive concentration, and of the standard copper bath. The EBSD 135 images revealed the grain structure, which were predominantly equiaxed for the electrolyte 136 without additives, and becomes smaller as additive concentration is increased. The EBSD 137 data allowed measurement of the grain size of deposits. 138 The rightmost column in Table 2 gives a summary of the calculated grain size of 139 deposits measured using the EBSD image analyzing software TANGO (HKL Technology A/S, Similar to the conclusions made from SEM analysis, the EBSD results indicated that 146 additives created a finer grain structure in the deposit, and that the decrease in grain size 147 was proportional to the concentration of additives used. The appearance of small grains 148 inside the larger ones was further analyzed, and these small grains were identified as sub Notably, the EnFACE electrolyte has a low metal ion concentration, which can limit 219 plating rates (c.f. Table 2 ). In fact, the plating rate of the standard electrolyte is nearly four 220 times higher than the best EnFACE electrolyte (E 50). This means that the rate of plating 221 needs to be increased by improving agitation. In many industries, such as circuit board "S" stands for "standard" electrolytes based on supplier recommendation and "E" stands for 337 "Enface" baths. The number following the "S" and "E" stand for the percent of additive 338 concentration added to the electrolyte 339 
